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Abstract
Autism spectrum disorders (ASD) are a set of complex neurodevelopmental disorders for which there is currently no
targeted therapeutic approach. It is thought that alterations of genes regulating migration and synapse formation during
development affect neural circuit formation and result in aberrant connectivity within distinct circuits that underlie
abnormal behaviors. However, it is unknown whether deviant developmental trajectories are circuit-speciﬁc for a given
autism risk-gene. We used MRI to probe changes in functional and structural connectivity from childhood to adulthood in
Fragile-X (Fmr1−/y) and contactin-associated (CNTNAP2−/−) knockout mice. Young Fmr1−/y mice (30 days postnatal)
presented with a robust hypoconnectivity phenotype in corticocortico and corticostriatal circuits in areas associated with
sensory information processing, which was maintained until adulthood. Conversely, only small differences in hippocampal
and striatal areas were present during early postnatal development in CNTNAP2−/− mice, while major connectivity deﬁcits
in prefrontal and limbic pathways developed between adolescence and adulthood. These ﬁndings are supported by viral
tracing and electron micrograph approaches and deﬁne 2 clearly distinct connectivity endophenotypes within the autism
spectrum. We conclude that the genetic background of ASD strongly inﬂuences which circuits are most affected, the nature
of the phenotype, and the developmental time course of the associated changes.
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Introduction
Autism spectrum disorders (ASD) are among the most prevalent
neurodevelopmental disorders with no currently available cure.
While there are a large number of genetic risk factors associated
with ASD (Ronald and Hoekstra 2011), only a few genetic variants
are causal, as is the case in the neurodevelopmental syndrome
Fragile-X (FXS), which has a higher than expected comorbidity
with autism. It is critical to note, however, that variations in ASD
risk genes do not directly affect behavior. Rather they affect
molecular pathways that inﬂuence the development of neurons
and synapses that, in turn, affect brain connectivity and function
at the system level. Defective synaptic function leading to an exci-
tation–inhibition (E/I) imbalance is commonly invoked as one pos-
sible explanation for ASD (Rubenstein and Merzenich 2003), and is
supported by evidence in humans and rodents (Yizhar et al. 2011;
Hashemi et al. 2017; Selimbeyoglu et al. 2017). According to this
theory, E/I imbalance affects molecular mechanisms harnessing
neuroplasticity, which is essential for brain development and
experience-dependent learning at all ages. Early disruptions of E/I
balance have been linked to long-lasting alterations in structural
and functional connectivity within speciﬁc brain circuits, leading
to a variety of clinical symptoms in ASD (Courchesne 2002;
Belmonte et al. 2004; Vasa et al. 2016). Indeed, many functional
magnetic resonance imaging (fMRI) studies have identiﬁed aber-
rant functional connectivity in individuals with ASD (Alaerts et al.
2014, 2015, 2016; Balsters et al. 2016; Balsters, Apps, et al. 2017;
Balsters, Mantini, et al. 2017), even when tested during the resting
state. However, the regional patterns of ASD-speciﬁc hypoconnec-
tivity or hyperconnectivity vary considerably across studies and
patient cohorts, suggesting that connectivity examined at a single
developmental stage is only a moderate predictor of the pathology
(Kassraian-Fard et al. 2016; Abraham et al. 2017). By contrast, a
recent imaging study (Hazlett et al. 2017) in ASD infants suggests
that aberrant developmental trajectories within circuits underly-
ing abnormal behaviors might be sensitive markers of the dis-
ease. Yet to date, no longitudinal study has been performed that
compares the developmental trajectory of brain connectivity
between ASD and control subjects. This leaves many fundamen-
tal questions unanswered: (1) Which factors drive the pathologi-
cal trajectory? (2) At which developmental stage does abnormal
connectivity manifest itself in subjects with ASD? (3) Are certain
brain circuits more susceptible to disrupted neural development
than others?
We addressed these questions by measuring resting-state
connectivity in 2 well-characterized mouse models exhibiting
an Autism phenotype, in which E/I imbalance has been linked
with both functional connectivity defects and phenotypical
ASD-like behavior in adulthood (Haberl, Zerbi, et al. 2015;
Garcia-Pino et al. 2017; Lee et al. 2017; Liska et al. 2017;
Selimbeyoglu et al. 2017). Speciﬁcally, loss of the Fragile X men-
tal retardation protein leads to excessive excitatory compared
with inhibitory inputs in the sensory cortical system (Garcia-
Pino et al. 2017), while in CNTNAP2 deﬁcient mice a decreased
ratio of GABA to glutamate is seen in the medial prefrontal cor-
tex (Selimbeyoglu et al. 2017), a ﬁnding paralleling results in
autism patients (Harada et al. 2011).
In order to assess how pathological brain connectivity devel-
ops from childhood to adulthood, here we used a longitudinal
design starting our measurements immediately after weaning.
Speciﬁcally, we tested the hypothesis that the genetic back-
ground is an important factor determining when delayed or
abnormal development of brain circuits become manifest in
resting state connectivity measurements. We investigate the
developmental trajectory of functional and structural connec-
tivity in Fragile X mental retardation 1 knockout (Fmr1−/y) and
contactin-associated protein 2 knockout (CNTNAP2−/−) mice
using MRI techniques (Grandjean et al. 2014; Zerbi et al. 2014,
2015). FMR1 plays a pivotal role in early embryotic neurodeve-
lopment (Hinds et al. 1993) whereas the physiological expres-
sion of CNTNAP2 begins at around E14 but peaks during
adulthood (P56) (Penagarikano et al. 2011). Because of the diver-
gent expression proﬁle of these 2 genes, we hypothesized that
the emergence of circuit deﬁcits would become apparent at dif-
ferent developmental stages: we expected to ﬁnd strong differ-
ences in Fmr1−/y mice compared with wildtype littermates
during childhood, whereas CNTNAP2−/− are expected to exhibit
connectivity abnormalities at a later age.
Materials and Methods
Mice
All experiments were performed in accordance with the Swiss
federal guidelines for the use of animals in research, and under
licensing from the Zürich Cantonal veterinary ofﬁce. Second-
generation Fmr1 knockout (Fmr1−/y) (Mientjes et al. 2006) and
CNTNAP2−/− strains (Jackson laboratory, Maine, USA) were bred
at the ETH animal facility (EPIC, Zürich, Switzerland) and kept
on C57Bl/6j background for at least 6 generations. Animals
were caged in standard housing, with food and water ad libi-
tum, and a 12 h day/night cycle. The experimenter was blind to
the genotype for all experiments. Only male Fmr1 mice were
used, consistent with previous studies on this mouse model. In
addition, the FMR1 gene, which is impaired in the human disor-
der, is carried on the X-chromosome leading to a strong pene-
trance of the mutation in males. Due to the random nature of
the X-chromosome inactivation, females are mosaic rather
than homozygous, which leads to a more subtle manifestation
of symptoms (Hagerman and Hagerman 2016).
Magnetic Resonance Imaging
Fmr1−/y and CNTNAP2−/− mice were longitudinally evaluated
during early development (juvenile stage: 34 ± 4 days postnatal,
young-adult stage: 58 ± 5 days postnatal, adult stage: 112 ± 11
days postnatal). There was no difference in age and bodyweight
between groups at each time point. Data acquisition was per-
formed on a Biospec 70/16 small animal MR system (Bruker
BioSpin MRI, Ettlingen, Germany) with a cryogenic quadrature
surface coil (Bruker BioSpin AG, Fällanden, Switzerland). A
standard gradient-echo echo planar imaging sequence (GE-EPI,
repetition time TR = 1000ms, echo time TE = 15ms, in-plane
resolution RES = 0.22 × 0.2mm2, number of slice NS = 20, slice
thickness ST = 0.4mm, slice gap SG = 0.1mm) was applied to
acquire 2000 volumes in 38min. In addition, we acquired ana-
tomical T2-weighted images (FLASH sequence, in-plane resolu-
tion of 0.05 × 0.02mm2, TE = 3.51, TR = 522ms) and diffusion
weighted images (DWI, multi-shot SE-EPI sequence, 4 seg-
ments, TR = 2000ms, TE = 22ms, RES = 0.2 × 0.2mm2, NS = 28,
ST = 0.4mm, SG = 0mm, b-values = 1000–2000 s/mm2, 90 direc-
tions encoding, for a total scan time of 18min). The levels of
anesthesia and mouse physiological parameters were moni-
tored following an established protocol to obtain a reliable
measurement of functional connectivity (Zerbi et al. 2015) (see
Supplementary Material for details).
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Data Preprocessing and Statistics
Rs-fMRI
Resting state fMRI datasets were preprocessed using an existing
pipeline for removal of unwanted confounds from the time
series (Zerbi et al. 2015), with modiﬁcations (Sethi et al. 2017).
After artifact removal (see Supplementary Material) and de-
spiking (Patel et al. 2014), datasets were band-pass ﬁltered
(0.01–0.3 Hz), coregistered to the skull-stripped T2-weighted
images and normalized to the AMBMC template (www.imaging.
org.au/AMBMC) using ANTs v2.1 (picsl.upenn.edu/ANTS).
Diffusion Tensor Parameter Estimation
After individual realignment of the diffusion images, eddy cur-
rent correction and tensor estimation was performed (for fur-
ther details, see Zerbi et al. 2013), then fractional anisotropy
(FA) and mean diffusivity (MD) maps were calculated (see
Supplementary Material). The resulting volumes were spatially
normalized to the AMBMC template.
Transmission Electron Microscopy
After careful tissue preparation (see Supplementary Material)
areas of interest from the corpus callosum were isolated and
mounted onto dummy acrylic blocks with cyanoacrylic adhe-
sive. Ultrathin sections (70 nm thick) were prepared using an
ultramicrotome. Electron micrographs were recorded using a
FEI Spirit transmission electron microscope operated at 120 kV.
Retrograde Tracing Using Glycoprotein-Deleted Rabies
Virus
Virus Production
SAD ΔG-mCherry (a kind gift from Prof. K.-K. Conzlemann,
Ludwig-Maximillian University, Munich) pseudotyped with its
native glycocoprotein was ampliﬁed and puriﬁed as described
previously by Haberl, Viana da Silva, et al. (2015).
Stereotaxic Injections and Slice Preparation
Sterotaxic injections were performed in 12-week-old Fmr1−/y
and wildtype littermate mice using protocols approved by the
Ethics Committee of Bordeaux (CE50). Puriﬁed viral particles
were injected in the right caudate putamen (stereotactic coordi-
nates with respect to Bregma: −0.88mm anterior/posterior,
+3mm lateral/medial). Injections of 500 nL each were per-
formed at 2 positions dorsal/ventral: −2.8 and −3mm (with
respect to pia). Injection volume and rate of injection (50 nL/min)
were monitored using an Ultra Micro Pump (World Precision
Instruments) as described in Haberl et al. (2017). Mice were per-
fused after a week of injection and the brains were sectioned as
described by Haberl, Viana da Silva, et al. (2015).
Fluorescence Microscopy and Analysis
Red ﬂuorescent protein (mCherry) expression in neurons at vari-
ous brain regions were used to quantify the projection density.
We used a scanning mosaic wide-ﬁeld ﬂuorescence acquisition
system (NanoZoomer, Hamamatsu) equipped with a 20 × 0.75
numerical aperture objective to acquire the images. Images were
arranged using the mouse brain atlas (Allen Brain Atlas). We used
NDP.view2 (Hamamatsu) and manually counted 46 467 neurons
labeled with the red ﬂuorescent protein and further plotted them
into different groups according to the genotype and brain areas.
Results
Using a longitudinal design, we compared 2 knockout mouse
strains, Fmr1−/y (n = 13) and CNTNAP2−/− (n = 14) to their own
control littermates (Fmr1+/y: n = 12, CNTNAP2+/+: n = 12), at 3
different stages of postnatal development, p32 (juvenile), p58
(young adult) and p112 (adult). Both males and females CNTNAP2
mice were included in the study, whilst heterozygous mice
were excluded. Overall, CNTNAP2 males and females were
similarly distributed between subgroups (CNTNAP2−/−females = 5;
CNTNAP2+/+females = 5; CNTNAP2
−/−
males = 9; CNTNAP2
+/+
males = 7).
The differences in bodyweight between males and females at
each age-point were not signiﬁcant (P = 0.524) and both groups
showed a signiﬁcant increase in bodyweight over time (P =
0.001). Gender was considered as a covariate in all of the fol-
lowing statistical analyses.
Development of Functional Connectivity Networks
We ﬁrst employed a data-driven independent component analy-
sis (ICA) approach across all animals (124 rs-fMRI datasets) and
identiﬁed 16 meaningful resting-state networks (RSNs), which
were named according to the ontological area of their maximum
Z-score intensity (Fig. 1). For each of these RSN, we estimated a
surrogate measure coupling strength at the voxel level using a
dual regression approach (Filippini et al. 2009). We found an over-
all genotype effect: Fmr1−/y mice differed from their wildtype lit-
termates mainly in lateral striatum and auditory/associative
cortical networks. The only differences between CNTNAP2−/− and
control littermates were found in small clusters in the ventral
striatum and ventral hippocampus (Fig. 2A–C).
Next, we derived an index of coupling strength at the net-
work level by averaging the Z-scores from the group-mean RSN
masks (threshold at the 75th percentile, Fig. 1B) to identify
interactions between genotype and developmental trajectories.
Irrespective of their age, Fmr1y/− mice exhibited reduced net-
work coupling compared with controls (Genotype main effect)
in the dorsolateral striatum (PFDR = 0.016) and the auditory/
associative network (PFDR = 0.016) throughout postnatal devel-
opment (Fig. 2B). By contrast, for CNTNAP2−/−mice we observed
a signiﬁcant genotype × age interaction (PFDR = 0.038) in the
ventral striatum indicative of a deviation from the develop-
mental trajectory. Pairwise comparisons showed that this effect
is driven by an increase in network strength during adulthood
in CNTNAP2−/− mice (postnatal day, p112). In line with the
results at the voxel level, we observed an overall reduction in
ventral hippocampus connectivity strength, although it did not
survive FDR correction (PFDR = 0.062) (Fig. 2D).
Development of Functional Connectome
To further probe which speciﬁc functional connections showed
group differences we used a network-based statistics method
(NBS) (Zalesky et al. 2010). Brieﬂy, BOLD time series were
extracted using the Allen Reference Atlas ontology (Oh et al.
2014) and their connectivity couplings were measured using
regularized Pearson’s correlation coefﬁcients (FSLNets). Only
macroareas that were fully covered by the ﬁeld of view used for
rs-fMRI acquisition were included in the analysis (isocortex,
hippocampal formation, cortical subplate, striatum, pallidum,
thalamus, hypothalamus, and midbrain) and consisted of 65
ROIs in each hemisphere. In order to remove spurious connec-
tions from the NBS analysis, matrices were given an arbitrary
sparsity threshold, retaining only the top-10% of connections
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(Supplementary Fig. S1). A general linear model was used to
model overall genotype differences, and genotype × age inter-
actions. Permutation testing, using unpaired t-tests, was per-
formed with 5000 permutations. A test statistic was then
computed for each connection and a threshold applied (t = 2.3)
to produce a set of suprathreshold connections, thereby identi-
fying anatomical networks that show signiﬁcant differences in
structural connectivity between groups.
In Fmr1−/y mice, permutation testing for genotype differ-
ences identiﬁed one large and symmetric network with reduced
coupling strength (P = 0.033). This network comprises bilateral
sensory-related cortices, caudoputamen (CP), insula, and amyg-
dala. These differences were seen in both juvenile and adult
mice, conﬁrming our original hypothesis that in Fmr1−/y mice
functional connectivity deﬁcits occur within 30 days of birth
(Fig. 3A). To provide a plausible anatomical cause for these
functional results, we injected retrograde viral tracer into the
CP of Fmr1−/y mice and found that projections from somatosen-
sory cortices, agranular insular, and visceral cortices were
reduced by up to ~25% compared with wildtype littermates
(Supplementary Fig. S2). These results strongly suggest that in
Fmr1−/y mice, the reduced functional connectivity within the
somatosensory RSN is directly coupled with a loss of long-
range anatomical connections.
In CNTNAP2−/− mice, several genotype × age interactions
were found. Speciﬁcally, at p112 3 networks showed signiﬁ-
cantly reduced functional connectivity (Fig. 3B). The ﬁrst mainly
involves connections from the anterior cingulate cortex (ACA) to
other prefrontal cortical areas (prelimbic, Infralimbic, and orbi-
tofrontal), retrosplenial cortices and superior colliculus (N1, P =
0.015). Interestingly a similar reduction in functional coupling
between these regions was also observed by Liska and collea-
gues in adult CNTNAP2−/− mice, which highlight the strength
and reproducibility of rs-fMRI phenotyping to characterize con-
nectivity deﬁcits in this model. Reduced neural projections in
the cingulate cortex were also observed (Liska et al. 2017), sug-
gesting a contribution of defective mesoscale axonal wiring to
the observed functional impairments.
A reduction of connectivity during adulthood (p112) was also
seen in a network comprising the right entorhinal cortex (ENT),
temporal association area (TEa), presubiculum (PRE) and
perirhinal areas (PERI) (N2, P = 0.026), and in several nodes of the
ventral hippocampus (N3, P = 0.026). All these results were con-
ﬁrmed by mixed-model statistics, using the averaged network
strength as a dependent variable. The only overall genotype dif-
ference, regardless of age, was driven by increased coupling
strength in one symmetric network located in the ventral stria-
tum (N4, P = 0.001). This network included bilateral nucleus
accumbens (ACB), pallidum (PAL), hypothalamus (HY), thalamus
(polymodal association cortex related, DORpm) and fundus of the
striatum (FS). Mixed-model analysis of this network revealed an
age-dependent effect, with the strongest deviation from the wild-
type values seen during adulthood (Fig. 3C).
Development of Structural Connectivity
Structural integrity of major axon bundles was quantiﬁed by
extracting FA values from 7 major white matter structures
identiﬁed by the Allen Mouse Brain atlas (Fig. 4). All white mat-
ter tracts exhibited a marked increase in FA values with age
(PFDR < 0.01), which was independent of genotype and possibly
reﬂects increased myelination and coherent alignment of ﬁber
bundles during development (Lebel et al. 2008).
However, similar to previous human and rodent studies
(Hashimoto et al. 2011; Haberl, Zerbi, et al. 2015), we found a
marked FA reduction in Fmr1−/y mice compared with wildtype
at all time points in the anterior commissure (PFDR < 0.01), cor-
pus callosum (PFDR < 0.01), cingulum (PFDR = 0.01) and internal
capsule (PFDR = 0.02) (Fig. 4B).
CNTNAP2−/− mice deviated from the developmental trajec-
tory of controls during adulthood exhibiting a clear reduction
of structural integrity in the cingulum (genotype × age: PFDR =
0.01), a white matter tract projecting from the cingulate area to
the entorhinal cortex, allowing for communication between
components in the limbic system (Fig. 4C). This age-dependent
structural abnormality corroborates with the functional con-
nectivity changes observed, thus supporting the idea that both
structural and functional deﬁcits in these mice become appar-
ent only later in life, and affect primarily the limbic system. An
FA reduction was also observed in the corpus callosum of
CNTNAP2−/− mice, but did not survive FDR correction for multi-
ple comparisons (P = 0.032, uncorrected).
Figure 1. Selected brain networks. From a group-level independent component analysis of all our 124 resting-state fMRI datasets we selected 16 meaningful networks,
many of which bear a striking resemblance to analogous human networks underscoring the high translational value of rs-fMRI across different species. Brain net-
works are overlaid with an anatomical template in a graphical 3D representations (A) and split according to their macroscopic ontology (B).
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To improve our understanding of the biological underpinnings
of white matter abnormalities revealed by diffusion weighted
imaging, we determined the ultrastructure of callosal axons from
electron micrographs at Bregma −2.46mm in Fmr1−/y and CNTNAP2−/−
and their respective littermates (Fig. 5). We segmented the inner
and outer axonal areas and calculated their circular equivalent
diameters to determine the axon and myelin thickness. We fur-
ther calculated the G-ratio (i.e., the ratio between the inner axonal
diameter to the total outer axonal diameter), which is a robust
measure for assessing degree of axonal myelination. We found
signiﬁcantly reduced G-ratios (P < 0.001) in both disease models,
Fmr1−/y and CNTNAP2−/−mice, compared to their respective wild-
type littermates (Fmr1−/y: 0.634 ± 0.005 vs. Fmr1+/y: 0.682 ± 0.008
and CNTNAP2−/− 0.607 ± 0.005 vs. CNTNAP2+/+ 0.651 ± 0.008). In
the CNTNAP2−/−mice this reduction was caused by a reduction in
the axonsize (0.372 ± 0.006 in CNTNAP2−/− and 0.460 ± 0.017 in
CNTNAP2+/+), while the myelin thickness was unaltered
(CNTNAP2+/+: 0.121 ± 0.044 vs. CNTNAP2−/−: 0.120 ± 0.037). In the
Fmr1−/y mice the axon diameter was also reduced (P < 0.001;
0.3904 ± 0.010 vs. 0.4422 ± 0.013 in Fmr1+/y), however, the myelin
thickness was slightly elevated in the Fmr1−/y mice (0.112 ± 0.003
vs. 0.1026 ± 0.004 in Fmr1+/y), which might in fact further exacer-
bate the G-ratio decrease seen in the Fmr1−/y mice.
Discussion
Previous research in humans and rodent models has led to the
hypothesis that variations in ASD risk genes affect different
aspects of the brain’s development trajectory, resulting in the
establishment of aberrant functional and/or structural long-range
Figure 2. Genotype-dependent differences in resting state network strength. (A, C) Voxel-wise statistical analyses revealed signiﬁcant genotype differences in
resting-state network strength in both Fmr1−/y and CNTNAP2−/− models (shown in red). Other clusters that represent signiﬁcant differences in Z-scores but did not
survive Bonferroni correction (0.05/16 networks) are shown in gray. (B, D) Mixed linear models showed signiﬁcant network strength reduction in lateral striatum and
auditory/associative cortex in Fmr1−/y mice (for both networks: PFDR = 0.016). A similar reduction was observed in the prelimbic and posterior parietal networks,
although it did not reach signiﬁcance after FDR correction (both networks, PFDR = 0.087). In CNTNAP2
−/− mice, overall genotype differences were identiﬁed in small
clusters in the ventral striatum and ventral hippocampus. A genotype × age interaction was found in ventral striatum with a mixed linear model; pairwise analysis
revealed an increase of ventral striatal connectivity in CNTNAP2−/− mice compared with littermates only during adulthood (PFDR = 0.038). In the ventral hippocampus,
the strength of network connectivity was reduced at all time points, although it did not survive FDR correction for multiple comparisons (PFDR = 0.062). The genotype
× age interaction almost reached signiﬁcance (PFDR = 0.053) in anterior cingulate, one of the main nodes comprising the default-mode network in mice (Sforazzini
et al. 2014; Zerbi et al. 2015) and an important region for social cognition (Apps et al. 2016). In this case, however, connectivity was reduced in the CNTNAP2−/− com-
pared with nontransgenic littermates at p112 (not shown). Data represent mean ± std. deviation.
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connectivity. Here, we tested this hypothesis by applying longitu-
dinal MRI-based connectivity mapping in 2 knockout mouse mod-
els commonly used in ASD research, Fmr1−/y and CNTNAP2−/−
mice, during 3 critical developmental periods between childhood
and adulthood. We found deviant functional and structural con-
nectivity in both mouse models though the speciﬁc developmen-
tal and anatomical pattern depended on the genetic background.
Remarkably, we found that from 30 days after birth Fmr1−/y mice
Figure 3. Genotype speciﬁc functional connectome analysis. Rs-fMRI connectome analysis combined with network-based statistics (NBS) detected characteristic and distinct
pathways of aberrant connectivity in the 2 models. (A) Fmr1−/y mice show severe underconnectivity in bilateral corticocortico and corticostriatal circuits responsible for sen-
sory processing, regardless of age. (B, C) In CNTNAP2−/−mice we detected signiﬁcant genotype × age interactions in prefrontal-retrosplenial circuits (N1), left associative areas
(N2), hippocampus (N3) and ventral striatum-pallidum-hypothalamus (N4). Our analysis shows that under- and overconnectivity proﬁling are detected only in adult mice,
with the exception of the ventral striatum network detected at p58, demonstrating the gradual emergence of circuit-speciﬁc pathology over time.
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exhibited pronounced reduction of functional coupling between
sensory-processing areas, indicating that the developmental
delay occurred during early childhood. By contrast, CNTNAP2−/−
mice developed gradually deviating connectivity patterns in pre-
frontal and ventral striatal areas between adolescence and adult-
hood suggesting that related phenotypes became increasingly
pronounced later in life. Interestingly, the time point of the aber-
rant functional and structural connectivity coincides with the
expression proﬁle of the knockout genes, suggesting that the tim-
ing in which ASD risk-genes are functionally active is critical for
the development of aberrant connectivity patterns and possibly
behavioral symptoms later in life. The conduction velocity of
nerve ﬁbers is inﬂuenced by the myelin and axon thickness.
Thicker axonal diameters trigger thickening of myelin sheaths
and elongation of the internodal segment and therefore lead to
an increased internodal conduction velocity of action potentials.
We conclude that the overlap of both disease models is a reduced
G-ratio and a reduced axon diameter, which could impact the
internodal conduction velocity and the overall reliability in signal
transmission.
This work supports the growing notion that genetic etiolo-
gies may affect different phenotypes and brain circuits
(Ellegood et al. 2015; Connor et al. 2016; Huang et al. 2016;
Wang et al. 2016). In addition, we emphasize that measuring
the developmental trajectory of functional connectivity deﬁcits
in ASD models is useful to understand the factors driving the
pathology progress and may be crucial when planning a treat-
ment approach.
Functional and Structural Changes in Fmr1 Knockout
are Anatomically Located in Brain Areas Processing
Sensory Information and are Detectable at a Young Age
Fragile X syndrome (FXS) is the most common syndromic form of
ASD, with an estimated 25–50% of children diagnosed with FXS
meeting the criteria for ASD (Klusek et al. 2014). Although FXS
represents only a small fraction (~2%) of ASD patients, work on
FXS has been particularly beneﬁcial for improving our under-
standing of ASD. Indeed, FXS and ASD are intertwined at the
molecular level (Parikshak et al. 2013), suggesting that several
common pathways and cellular mechanisms are shared amongst
these 2 disorders. Abnormal methylation of the fragile X mental
retardation 1 (FMR1) gene observed in FXS patients leads to a
complete or partial absence of fragile-X mental retardation pro-
tein (FMRP) (Pieretti et al. 1991). FMRP is highly expressed in the
brain and acts as translational repressor of several signaling path-
ways at the synaptic level (Willemsen et al. 2011). Speciﬁcally,
FMRP is required for the normal developmental progression of
synaptic maturation, and loss of this important RNA binding pro-
tein impacts on synaptic plasticity in late embryonic stages and
during the ﬁrst postnatal days (Harlow et al. 2010). Behavioral
symptoms include tactile defensiveness, sensory avoidance, and
enhanced responses to stimuli of various sensory modalities
(Rotschafer and Razak 2014). Symptom severity was found to cor-
relate both with FMR1 activity and FMRP levels (Tassone et al.
1999; Dyer-Friedman et al. 2002; Loesch et al. 2004). As such,
hypersensitivity to sensory stimuli—one of the most prominent
features of FXS and ASD patients (Baron-Cohen et al. 2009;
Gallagher and Hallahan 2012)—has been also described in Fmr1−/y
mice (Rotschafer and Razak 2013; Zhang et al. 2014). This defect
has been recently attributed to reduced and dysfunctional den-
dritic ion channels (Zhang et al. 2014), which alters the excitation/
inhibition ratio in areas processing sensory information and
affects neural plasticity in early postnatal developmental periods
(Gibson et al. 2008; Goncalves et al. 2013). Compatible with an ear-
lier study on functional connectivity in Fmr1−/y mice (Haberl,
Zerbi, et al. 2015), our data show that the absence of FMRP trans-
lates into a hypoconnectivity phenotype at the network level.
Thanks to our novel whole-brain data-driven approach, we found
this effect speciﬁcally for brain networks and pathways associ-
ated with sensorial processing and perception (i.e., somatosen-
sory–striatal connections) with strong analogies to symptoms
Figure 4. Fractional anisotropy of white matter in Fmr1−/− and CNTNAP2−/− mice. (A) Fractional anisotropy (FA) was assessed by diffusion tensor imaging in Fmr1y/−
and CNTNAP2−/− mice and quantiﬁed in 7 large white matter structures. (B) At different developmental periods, Fmr1y/− mice had signiﬁcantly lower FA in 4 major
white-matter structures, including corpus callosum, internal capsule, anterior commissure and cingulum. (C) In CNTNAP2−/− an overall reduction of FA was found in
the corpus callosum, although it did not survive FDR correction (PFDR = 0.056). However, a strong genotype × age interaction was observed in the cingulum, with a
marked reduction of FA only during adulthood. *PFDR < 0.05. **PFDR < 0.01.
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typical for human FXS patients (Hall et al. 2013; Wilson 2014; Reig
and Silberberg 2016). These ﬁndings were robust and consistent
from 30 days after birth until adulthood, and were observed in
both network-based and region-of-interest analyses. Reduction of
functional connectivity was paralleled by structural deﬁcits, with
DWI revealing severe ﬁber coherence reductions in corticocortico
and corticostriatal pathways. Our ﬁnding of lower FA values,
which are also often observed in FXS patients (Grigsby 2016),
reﬂect a reduction in axial diffusivity. Further, with electron
microscopy we were able to show that the reduction in axial dif-
fusivity was related to a reduction in the inner diameter of the
axons, unveiling the microstructural basis for the aberrant func-
tional connectivity patterns.
CNTNAP2 Knockout Mice Display Dysregulation of
Connectivity in Prefrontal Cortical Areas
CNTNAP2 is a member of the Neurexin superfamily of trans-
membrane molecules and affects neuron-glia interactions, thus
modulating brain connectivity during early brain maturation.
In this neurodevelopmental phase, Caspr2, the protein encoded
by CNTNAP2, is thought to assist in interactions important for
cellular migration and subsequent laminar organization, indic-
ating a role for CNTNAP2 in the construction of neural circuits
(Strauss et al. 2006). CNTNAP2 has been identiﬁed as an ASD
risk gene affecting primarily frontal lobe connectivity (Arking
et al. 2008; Scott-Van Zeeland et al. 2010). CNTNAP2-KO mice
have a reduced number of GABAergic interneurons and
impaired migration of cortical projection neurons, which likely
cause a higher incidence of seizures and abnormal behaviors
such as impaired social interactions and elevated repetitive
self-grooming (Penagarikano et al. 2011). In line with these pre-
vious observations and a recent functional study (Liska et al.
2017), we report here that the absence of the CNTNAP2 gene is
associated with an underconnectivity proﬁle in hippocampal
and cortical prefrontal areas linked to reward-guided behavior
(Rushworth et al. 2011; Neubert et al. 2015), which match earlier
reports in subjects with the CNTNAP2 polymorphism (Scott-
Van Zeeland et al. 2010; Dennis et al. 2011). In our connectome
analysis, we found that the strongest age-dependent reduction
in functional connectivity occurred between nodes that are
part of the rodent default-mode network (DMN) (i.e., orbitofron-
tal, anterior cingulate, and retrosplenial cortices) (Lu et al. 2012;
Zerbi et al. 2015; Gozzi and Schwarz 2016). Deactivation of the
brain’s DMN is often regarded as suppression of endogenous
activity to support exogenous task-related processes (Hu et al.
2013). At the same time, reduced activation of the DMN during
rest has been associated with a series of pathological condi-
tions, including ASD. Interestingly, in children with ASD, inter-
nodal DMN functional connectivity failed to develop during
Figure 5. Electron micrograph. (A) Electron micrograph of axons in the corpus callosum. (B) Both, the Fmr1−/y and the CNTNAP2−/− animals have a smaller axon diameter
compared with their respective wildtype littermates; the axon diameter distribution conﬁrmed a shift towards smaller axon sizes (KS test). (C) Only minor changes were seen
in myelin thickness between the groups, with the Fmr1−/y showing a slight increase compared with their wildtype littermates; however, there were no differences in their
cumulative distribution. (D) Both, the Fmr1−/y and the CNTNAP2−/− animals show signiﬁcant lower G-ratio, calculated as the ratio of the outer to inner equivalent axonal dia-
meters and differ signiﬁcantly in their distribution (KS test). with a shift towards axons with lower G-ratios. Data represent mean ± standard error.
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adolescence (11–13 years) but not during childhood (6–9 years)
(Washington et al. 2014). In line with these observations, our
results indicate that the connectivity deﬁcits in CNTNAP2−/−
mice within the DMN occur as a result of a lack of developmental
strengthening of connectivity within this network during adoles-
cence. These ﬁndings support the “developmental disconnection
model” of the DMN in ASD, which could be related to the reduced
number of GABAergic interneurons in these same regions (Scott-
Van Zeeland et al. 2010) However, despite sharing some common
structural/functional properties (Stafford et al. 2014), there is still
no general agreement upon the functional role of this network as
a real homologue to the human DMN. Therefore, the translational
aspect of these results in the human condition should be taken
carefully.
In CNTNAP2−/− mice, we also observed an increase functional
coupling between several nodes of the ventral striatum. The ven-
tral striatum is a complex structure that receives and integrates
projections from several midbrain regions and across different
neurotransmitter systems, including dopamine from ventral teg-
mental area and substantia nigra, oxytocin from the periventricu-
lar nucleus of hypothalamus and noradrenaline from locus
coeruleus. In humans, increase functional connectivity between
nodes of the ventral striatum has been reported in addiction, anx-
iety, lack of social motivation, and even obsessive-compulsive
disorder (OCD) (Harrison et al. 2009; Sakai et al. 2011; Caldwell
2012). Both OCD and addiction have been related to nucleus
accumbens dysfunction during reward processing (Figee et al.
2011; Hommer et al. 2011). Recent studies using optogenetic stim-
ulation found that also frontal cortical areas play a key role in
top-down modulation of striatal response to dopaminergic stimu-
li (Ferenczi et al. 2016). Thus, while activation of the prefrontal
cortex and ventral striatum is related to healthy reward proces-
sing (Knutson et al. 2001), the disrupted prefrontal coupling and
increased connectivity between ventral striatum/pallidum areas
found in adult CNTNAP2−/− mice may reﬂect a shift from healthy
goal-directed behavior towards compulsive habits. Although our
experiment cannot prove a direct cause–effect relationship, we
have shown a time-dependent relationship between the altered
connectivity in prefrontal and ventral striatal networks that may
be related to the imbalanced excitation/inhibition in mPFC of
CNTNAP2−/−mice (Selimbeyoglu et al. 2017).
Notably, we found that deﬁcits in these speciﬁc brain circuits
gradually emerge during postnatal development and are observ-
able only during adulthood. This age-dependent effect was also
found in our structural data, in which a reduction of ﬁber coher-
ence in the cingulum was observed in adult CNTNAP2 mice com-
paredwithwildtype littermates. Anatomically, this single observation
is particularly interesting, as it strengthens the idea that structural
and functional deﬁcits in these mice primarily affect the limbic
system. Furthermore, in CNTNAP2−/− mice we found a reduction
in the axonal inner diameter in the corpus callosum, suggesting
the presence of an underlying white-matter pathology. Taken
together, these data strongly indicate a role for CNTNAP2 in
shaping connectivity, particularly between areas of the limbic
system, which may have important implications for the appear-
ance of ASD-like behavioral features later in life (Penagarikano
and Geschwind 2012).
Interpretational Issues
Measuring brain structural and functional connectivity in mice
has high translational value, but both conceptual and methodo-
logical interpretational issues may arise when generalizing these
ﬁndings to the human condition. At the conceptual level, it is
unclear how the functional architecture of the mouse brain
relates to functional circuits of the human brain. However, in
recent years a number of studies have emerged demonstrating
rodent–human analogies for basic structural and functional pro-
prieties in networks of high translational importance, such as the
default-mode network (Stafford et al. 2014) and striatocortical cir-
cuits (Balleine and O’Doherty 2010). While more work needs to be
done in this direction, it is envisaged that connectivity measure-
ments may serve the role of an important bridging measurement
between human and rodent models, enabling predictions about
how speciﬁc genetic and molecular alterations observed in mice
might be expressed in macroscopic measurements that can be
performed in humans (Stafford et al. 2014).
At the methodological level, it is important to consider that our
results were collected in a lightly anesthetized state. As previously
demonstrated in rats (Bettinardi et al. 2015) and monkeys
(Barttfeld et al. 2015), modulating the depth of anesthesia corre-
lates with changes in BOLD variability and reduces the overall
connectivity strength. Thus, data acquired with any level of anes-
thesia cannot be fully generalized to the awake state, although it
may have the positive effect of removing confounding BOLD ﬂuc-
tuation due to the environment or unconstrained cognitive shifts
while awake. In this study, we took several measures to ensure
that the levels of anesthesia were kept as consistent and low as
possible, that is, we used mechanical ventilation to maintain the
same tidal volume and blood oxygenation throughout the experi-
ment, combined with continuous intravenous infusion of medeto-
midine and low dose of isoﬂurane (0.5%), optimized from our
previous studies (Grandjean et al. 2014). This allowed us to over-
come issues related to high-dose medetomidine (Akeju et al. 2014)
and isoﬂurane accumulation over time (Chuang and Nasrallah
2017). With this protocol, we previously demonstrated that bilat-
eral brain networks are readily detected as compared with other
anesthesia protocols (Grandjean et al. 2014) and resemble the ana-
tomical connectome obtained with viral tracer data, up to 90% for
corticocortico and corticostriatal circuits (Grandjean et al. 2017).
The light-anesthesia regime also minimizes the possibility that
the mapped changes are the results of different brain states
reﬂecting genotype-dependent sensitivity to anesthesia, as it was
previously suggested for Fmr1−/y mice (Goncalves et al. 2013).
Importantly, our results show functional connectivity defects in
both Fmr1−/y and CNTNAP2−/− mice that are circuit-speciﬁc. A
higher or lower sensitivity to the anesthesia in one group would
have instead resulted in an increased or reduced connectivity in
all the identiﬁed networks or pathways. Furthermore, our results
are consistent with 2 other independent studies, which used dif-
ferent anesthesia setups (isoﬂurane-only and urethane). Because
these agents act on different neurotransmitter systems (Hara and
Harris 2002; Chuang and Nasrallah 2017) it is unlikely that com-
mon genotype × anesthesia effects would fully explain the ﬁnd-
ings of both studies. Finally, we present evidence that functional
deﬁcits are paired with structural deﬁcits in the same anatomical
locations, either by viral tracer, EM, or diffusion data.
It is important to mention that all between-groups compari-
sons were performed between matched strain-, age-, gender-,
and bodyweight conditions; this experimental design is of criti-
cal importance to avoid confounding systematic variations in
rs-fMRI parameters. Given that the physiological (and statisti-
cally signiﬁcant) increase in bodyweight over time may system-
atically confound the anesthesia dosage, here we took a
conservative position when interpreting effects arising from
changes of rs-fMRI parameters as a function of age.
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Conclusions
MRI-based connectivity mapping has become the method of
choice for investigating hyperconnected and hypoconnected
pathways at the systems level and across the whole brain.
Applied to a suitable disease model system such as the mouse,
it turns into a powerful translational tool to study gene-to-
neural circuits interactions while minimizing the inﬂuence of
environmental heterogeneity. In this study, we investigated
developmental changes in 2 animal models for ASD. We dem-
onstrated that mutations in ASD risk genes, which are known
to alter cell and synaptic functioning, cause aberrant structural
and functional connectivity within speciﬁc circuits. We also
show that deviations from the normal developmental trajec-
tory might be powerful markers of ASD, though the genetic
background determines at which time point such deviations
manifest themselves. Interestingly, these time points appear to
correspond to the temporal expression proﬁle of proteins
encoded by the affected gene. The anatomical speciﬁcity of our
measurements allowed for the detection of robust group-level
brain connectivity proﬁles that can act as “ﬁngerprints” to accu-
rately identify the genetic contribution to the connectome
shape and strength, and opens new perspectives for using this
technique as a translational tool between animal models and
humans. In summary, our results provide important evidence
that measuring developmental changes in the functional and
structural brain architecture using neuroimaging might reveal
disease markers of clinical utility.
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